Introduction
With the improvements in surgical techniques and instruments, severe sagittal and coronal deformities of the spine could be successfully corrected. Nonetheless, adjacent segment pathologies secondary to overcorrection and rigid fixation, also known as proximal junctional kyphosis (PJK), has emerged as a frequent surgical problem, 1e3 with a reported incidence of 5,8%e59%. 4e6 Although the literature is conflicting regarding the definition of PJK, the most commonly accepted definition is an angling of more than 10 between the instrumented level and the next vertebra. 7, 8 PJK results from the stress secondary to rigid instrumentation that is placed in the flexible transition zone of the spine. Although many risk factors have been attributed to PJK development, rigid posterior instrumentation, excessive soft tissue damage, overcorrection in the sagittal plane, and advanced age are the most commonly identified etiologies. 5, 9, 10 Furthermore, the facet joint injury and damage to paravertebral muscles and ligaments in the transition zone are among the most commonly cited causes of PJK. 11, 12 Although several biomechanical and cadaveric studies 13, 14 investigating the impacts of soft tissue injury on PJK development are available in the literature, to the best of our knowledge, studies have not yet been conducted to compare the facet joint integrity with posterior ligament protection in terms of their roles in PJK development to date.
The present study aimed to biomechanically evaluate the integrity of supraspinous and interspinous ligaments and facet joints on PJK development in a sheep spine.
Materials and methods
The current study was carried out on 21 skeletally mature sheep spines (over 6 years of age) which included the vertebrae from C7 to T8, intervertebral discs, posterior elements, end-plates and all posterior ligaments. The fresh frozen spine models were kept at À20 Celsius throughout the whole study. Before performing the biomechanical testing, each spine was thawed with physiologic serum at room temperature. In the preparation of specimens, initially, the supraspinous and interspinous ligaments and facet joints were identified and preserved. The costovertebral joints were protected at all levels, and the distal joint of the ribs was excised at a distance of 2 cm. A total of 10 titanium pedicle screws (5 cm* 25 mm) were inserted using an image intensifier at the 5 vertebral levels between the T2 and T7 vertebrae. After that, posterior instrumentation was completed using two 6 Â 460 mm titanium rods which countered as nearly physiologically kyphotic in an attempt to mimic the physiological thoracic kyphosis of 25 . Finally, all models were confirmed radiologically ( Fig. 1 ). After above initial preparations, all the sheep spines were divided into 3 groups of 7 spines each: control group (CG), ligament group (LG), and facet group (FG).
The control group included spines in which the facet joint and inter-and supraspinous structures were protected. The ligament group involved spines in which the facet joint was protected but the inter-and supraspinous structures were completely resected. Finally, the facet group was composed of spines in which the facet joint alone was resected at one level proximal to the upper instrumented vertebra.
Biomechanical experiment
For the biomechanical experiment, the spine specimens were subjected to axial loading with a MTS acumen electrodynamic biomechanical test device. The specimens were then fixed proximally and distally with K wires and 15 gram polyester putty (steel putty) mixed with a catalyzer (Dibenzoil peroxide), in order to obtain biomechanical loading in an erect position similar to that observed in humans. After confirming the stiffness of the spine models, 100 cycles of forces of 25 N, 50 N, 100 N, 150 N and 200 N at a frequency of 5 Hertz were, respectively, performed axially. Following the cyclical loading, 250 N, 275 N and 300 N forces were, respectively, performed statically in the axial direction ( Fig. 2) .
After the biomechanical testing, direct radiography and computerized tomography of the spine models were obtained, and all were radiologically analyzed and compared before and after the biomechanical experiment by an orthopedic surgeon who specialized in the spinal column and a radiologist who specialized in the musculoskeletal system.
The evaluation criteria included:
1) the distance between the spinous processes of the upper instrumented and adjacent vertebrae before and after axial loading, 2) the kyphosis angle, 3) the anterior and posterior disc height ( Fig. 3 ).
All statistical analyses were performed using the SPSS 18.0.0 statistical package (SPSS, Inc., Chicago, IL, USA), and p value of less than 0.05 was accepted as significant. The KolmogoroveSmirnov and ShapiroeWilk tests were used to evaluate the normality of the data distribution. Differences between groups were tested for significance using the KruskaleWallis test, and paired groups were evaluated using the ManneWhitney U test.
Results
The interspinous distance that was measured radiologically from elevated from 6,6þ/À1,55 mm before the biomechanical loading to 9,4þ/À12,1 mm after the biomechanical loading in the CG (p > 0,05), from 6,2þ/À1,7 mm to 20,8þ/À5,7 mm in the LG (p < 0,05), and 4,8þ/À1,1 mm to 11,1þ/À2 mm in the FG (p < 0,05). The statistical analyses showed that the interspinous distance increased significantly following biomechanical loading in the LG and FG compared with the CG (p < 0,05). Furthermore, the increase in the interspinosus distance was greater for the LG when compared to the FG ( Table 1 ).
The interspinous distance that was measured manually raised from 7,5þ/À0,5 mm before the biomechanical loading to 11,5þ/ À0,5 mm after the loading in the CG (p > 0,05), from 7,5þ/À0,5 mm to 20,2þ/À6,5 mm in the LG (p < 0,05), and 5,6þ/À1,1 mm to 17,3þ/ À1,4 mm in the FG (p < 0,05). These increases were statistically greater in the LG compared to the FG (p < 0,05).
The local kyphosis angle raised from 2,5þ/À0,2 before the axial loading to 3,3þ/À0,44 after the loading in the CG, from 2,7þ/À1,1 to 15,1þ/À2,3 in the LG, and À0,9þ/À4,1 to 11þ/À2,9 in the FG (p < 0,05). The statistical analyses revealed that the increases in local junctional kyphosis angle in the LG and FG were significantly greater compared with the CG (p < 0,05). Also, the increase in the LG was greater than in the FG (p < 0,05).
In cycle 28 of 200 N loading, insufficiency developed in the proximal junction of one of the samples from the ligament group and resulted in dislocation.
The anterior disk height dropped from 4,19þ/À0,27 mm before the biomechanical testing to 3þ/À0,5 mm after the biomechanical testing (p < 0,0001), although the posterior disk height increased from 3,15þ/À0,5 mm to 4,25þ/À0,6 mm (p < 0,0001). In terms of disk height, no statistically significant difference was observed among three groups (p > 0,05).
Discussion
Although posterior instrumentation and fusion procedure has been widely recognized as the choice of treatment method for the correction of spinal deformities with favorable outcomes, the development of proximal junctional kyphosis has emerged as a serious problem in the orthopedic practice. 15 According to the several studies many potential factors were described such as long rigid instrumentations, dissection of the paravertebral muscles, in the vertebrae adjacent to the instrumented vertebra secondary to rigid systems. Despite these several reports describe the potential risk factors of PJK, there is no consensus yet. In our biomechanical study the effect of posterior ligament complex and facet joint integrity were examined.
Many researchers viewed the risk factors of PJK. Lee reported that a kyphosis of 5 or more at one level proximal to the upper instrumented vertebra prior to surgery could lead to the development of postoperative junctional kyphosis. 16 Lowe and Kasten thought that the prevalence of PJK to be as high as 50% of patients who underwent spinal deformity correction. 17, 18 In a finite element study Cammarata et al concluded that the development of deformity might be related to sagittal balance, the implant type used in the proximal vertebra, and posterior soft tissue damage or the loss of joint unity. 19 Fig. 1 . All spines were instrumented with pedicle screws at the 5 vertebral levels between the T2 and T7 vertebrae. Anterior-posterior and lateral radiography view of the spine. Posterior ligamentous complex consist of ligamentum flavum, facet joints and interspinous and supraspinous ligaments. Integrity of these strong structure plays a major role to prevent PJK. During posterior instrumentation and fusion surgery, PJK can develop as a secondary trauma to the posterior ligamentous complex. 14 Also, in a biomechanical study which effects of posterior elements were evaluated on human cadavers, effects of posterior elements on stability were evaluated. When posterior soft tissue and ligaments were fully excised, a 44.72% loss in stability was recorded. 13 In these respect, we resected the facet joints and inter-and supraspinous ligaments at one level proximal to the upper instrumented vertebra in two groups. To detect the effects of facet joints and inter-and supraspinous ligaments on PJK, these groups were compared separetaly and compared with the control group. To the best of our knowledge, only few studies have been designed to investigate the role of facet joint and posterior soft tissue in the development of PJK.
Anatomically cervico-thoracic spine allows a transition zone because of flexible and lordotic cervical spine and rigid and kyphotic thoracic spine. As we know that PJK results from enhanced stress concentration after posterior spinal surgery because of transition zone at the junction. Also increasing of stiffness after long instrumentation enhances the risk of PJK at proximal of the instrumentation. However at the cervico-thoracic junction pedicles smaller and locate more medially and inter-and supraspinous ligaments weaker than lumbar spine. Because of this anatomic features the risk of disruption of the posterior ligamentous complex more than lower spinal regions. In addition, since an increased risk of PJK due to the use of implant combinations with pedicle screws has been reported, we examined implantation using a pedicle screw rod combination and thoracic stabilization.
In a finite element study which set out to determine the risk factors of PJK, Cammarata et al concluded that the development of deformity might be related to sagittal balance, the implant type used in the proximal vertebra, and posterior soft tissue damage or the loss of joint unity. Their findings also supported the fact that if the level of upper instrumented vertebra was between T1 and T3, there was an increased risk for PJK development. 19 Therefore, we evaluated the possibility of junctional kyphosis development between T1 and T2 by performing long segment pedicle screw instrumentation in our spine model.
After the biomechanical testing interspinosus distance, kyphosis angle and discus heights was measured in radiological evaluation. Our data showed that interspinous distance increased from 5,9þ/ À1,6 mm to 13,8þ/À6,2 mm and the kyphosis angle increased from 1,43þ/À2,9 to 9,8þ/À5,4 (p < 0,0001) from before to after biomechanical loading. Statistically, these changes were higher in the ligament group than in all other groups, and they were higher in the facet group than in the control group (p < 0,05). While our study suggests that facet joint and ligament injury can both lead to PJK development, the supraspinous and interspinous ligaments are the main structures that prevent PJK development, while the facet joint plays an auxiliary role.
Clinical studies have pinpointed many factors that influence PJK development. In our study, although the control group was more stable than the ligament or facet groups, it still experienced statistically significant kyphosis changes with loading. A trend toward kyphosis development was observed in the control group in terms of changes in interspinous distance (6,6þ/À1,55 mm to 9,4þ/ À12,1 mm), kyphosis angle (2,5þ/À0,2 to 3,3þ/À0,44) and disk height (anterior disk height from 4,2þ/À0,2 mm to 3,3þ/ À0,65 mm) (p < 0,05). This may be interpreted as a result of biomechanical loading or surgery alone in the biomechanical evaluation of cadavers that do not have the ability to rejuvenate. However, injury of supraspinous and interspinous ligaments significantly increased the likelihood kyphosis changes.
In our study, similar to previous studies in the literature, we found that the posterior structures of the facet joint and interspinous and supraspinous ligaments contributed significantly to stability. Based on our literature review, this is the first biomechanical study that reveals interspinosus ligament complex are more effective on preventing PJK development than facet joints.
Finally, limitation of the study was due to the nature of the animal model chosen. Experimental biomechanical studies can be conducted on cadavers or animal models. Also, animal models can have anatomical and biomechanical differences from human spine. Human cadaver bones represent a better in vivo environment than animal models and provide an erect spine which has advantageous as biomechanical features. Also, it's difficult to obtain and expensive. As sheep and human spines are similar, particularly in the thoracic and lumbar regions, sheep spine models may be used in place of human spine models. 20, 21 
Conclusion
Rigid and long segment posterior instrumentation and fusion surgery can be considered to be a risk factor for PJK development. The protection of the inter-and supraspinous ligaments can provide solid stability. Furthermore, the integrity of facet joints can contribute an additional stability. Therefore, protection of the interspinous and supraspinous ligaments as well as facet joints is important in preventing PJK. 
